Introduction
Tin-doped indium oxide (ITO) films with high conductivity and transparency have been extensively served as transparent and conductive electrodes in optoelectronic devices 1 . There are some techniques to deposit the ITO films, such as magnetron sputtering, pulsed laser deposition, electron beam (EB) evaporation, chemical vapor deposition, sol-gel, spray pyrolysis [2] [3] [4] [5] [6] [7] . Among these different methods, the EB evaporation technique is one of the most frequently used methods for producing ITO films having better electrical and optical properties, which is easy to be applied to commercial production 8 . Some investigative works have reported the relationship between the EB evaporation process and the properties of the ITO films 4, [8] [9] [10] [11] [12] , such as oxygen, postannealing, substrate temperature, ingredient ratio. One of the most important applications of the ITO films deposited by EB evaporation is served as the p-type electrodes of GaN-based light emitting diodes (LEDs). The utilization of the ITO films substituting for metal films can enhance the output of light from GaN-based LEDs 13, 14 , which is due to its low direct current resistivity and high transmittance in the visible light range.
To the best of our knowledge, the high density ITO targets used for magnetron sputtering were served as the raw material of EB evaporation process. However, the ITO tablets designed for the source of EB evaporation were rarely investigated. In general, the low density of ITO tablets with about 62% relative density were designed to resist thermal shock of high energy electron beam. The surface needles or the internal cracks of the low density ITO tablets may be formed during EB evaporation process. Obviously, the formation of these needles or cracks are likely to change the scattering angel of the oxide vapor during evaporation process. These slight fluctuations would deteriorate the structural, electrical and optical properties of the deposited ITO films, such as resistivity, transmittance and uniformity. These deteriorated ITO films used for GaN-based LEDs would influence its electrical and optical properties.
In this work, the formation mechanism of the needles and cracks in the low density ITO tablets were investigated, and the corresponding solutions were proposed.
Experiments
The conventional ITO tablets were fabricated by using the sintered-ITO powders. The modified ITO tablets were fabricated by using the nano-and sintered-ITO powders. The sintered-ITO powders were obtained by pressing and sintering the nano-ITO powders at 1200 °C. Then, the nano-and sintered-ITO powders, organic agents and water were grinded, dried and granulated. Finally, the conventional and modified ITO tablets with dimension of Φ25×10 mm were sintered at 1350 °C under oxygen atmosphere. The ITO tablets were evaporated by electron beam to analyze the needles and cracks.
The microstructure and ingredients of the needles and tablets were analyzed by scanning electron microscope (SEM) using JSM-5610LV (JEOL) and F50 (FEI Inspect). Thermal conductivity was measured by laser flash thermal constant analyzer (TC-7000, ULVAC-RIKO). Three-point bending strength of the ITO tablets were measured by electronic universal testing machine (Shimadzu, AG-X). The optical Tin-doped indium oxide (ITO) tablets were used to deposit ITO films on p-GaN layer of lightemitting diodes. Needles and cracks in ITO tablets generated during electron beam evaporation process were deeply investigated. The formation of needles is predominantly resulted from the scanning trace, which is controlled by x and y axes scanning singles. The needles can be eliminated by controlling electron beam scanning trace. The loose microstructure with uniform grains and pores in the ITO tablets results in weak bonding strength, which leads to cracks under the thermal shock of high energy electron beam. A three-dimensional reticulated skeleton structure with strong bonding strength can restrain these cracks.
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transmittance in the visible light range was measured by spectrophotometer (V-600, Jasco). Figure 1 shows the images of surface morphology of the evaporated ITO tablets. As shown in Figure 1a , the protuberances (named needle) erect on the surface of the evaporated conventional ITO tablets. The cracks are also observed and spread out as shown in Figure 1b . Figure 1c shows an integrity appearance of the modified ITO tablets after EB evaporation. The needles and cracks in the conventional ITO tablets would influence the divergence angle of oxide vapor and even generate dust in the coating chamber, which forms particle contamination on the ITO film surface, and deteriorates the electrical and optical properties of GaN-LEDs.
Results and Discussion
The thermal conductivity of the conventional and modified ITO tablets is 7.2 and 8.5 W·m -1 K -1 , respectively. The conventional and modified ITO tablets show low thermal conductivity, which indicates that the elimination of cracks is dependent on microstructure rather than the thermal conductivity. Figure 2 shows the SEM images of the conventional ITO tablets. The microstructure indicates that the ITO tablets possesses uniform density at different positions. The size of grains and pores is uniform, and its distribution is homogeneous. This single configuration shows loose structure with weak bonding strength. Thermal shockresistant of this ITO tablets is weak under the bombardment of high energy electron beam during EB evaporation process. Therefore, this homogeneous structure is easily destroyed by thermal shock of EB evaporation or reactive plasma deposition (RPD) process. Figure 3 shows the SEM images of the modified ITO tablets. As shown in Figure 3a , the microstructure indicates that the modified ITO tablets are composed of dense blocky grains (region A) and loose pores (region B). Figure 3b and Figure 3c indicate that the dense blocky regions resemble the dense structure of an high density ITO ceramic target 15 , a few pores exist in the grain boundaries. Figure 3d and Figure 3e indicate that the loose porous regions is similar with the microstructure of porous ceramic 16 , a number of pores exist in the grain boundaries. The modified ITO tablets show heterogeneous structure, which provides a way to enhance the bonding strength.
The microstructure models of the conventional and modified ITO tablets are demonstrated in Figure 4 . The heterogeneous and porous structure can be considered as an effective solution for resisting thermal shock of the ITO tablets when they are heated by high energy electron beam. However, the bonding strength of the single structure is weak, which is easily broken under thermal shock. The structure of the modified tablets is reticulated with some skeletons. This three-dimensional reticulated skeleton structure simultaneously solves the problems of thermal expansion and bonding strength. The long strip samples were fabricated to measure three-point bending strength and analyze the bonding strength. The bonding strength of the conventional and modified ITO tablets is about 3.5 MPa and 14.3 MPa, which shows an obvious improvement. Consequently, the cracks in the modified ITO tablets can be eliminated during the EB evaporation process. Figure 5 shows the microstructure of the needles. The middle section of the needle (region B) is composed of large blocky ITO grains, which can be clearly observed in Figure 5b and Figure 6 . However, the structure of the bottom section (region A) is consistent with the intrinsic grains of the as-fabricated ITO tablets.
The EDS analysis of the needles, shown in Figure 6 , indicates that the blocky needle is composed of indium, tin and silicon. The as-fabricated ITO tablets with a trace of silicon are inevitable, the other impurities are invisible. Therefore, The EDS results indicate that the needles are not caused by impurities. The melted ITO tablet vapor causes abnormal grain growth, which results in blocky needles on the surface.
During EB evaporation process, the EB size is about several millimeters. In order to etch the tablet as large as possible, the EB is usually scanned by applying external scan signals at x and y axes. The signal may be sine, triangle and square waves. The EB scan trace can be described by Lissajous curve. Lissajous curve is the graph of a system of parametric equations 17 : 
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Where A and B are the amplitude, ω 1 and ω 2 are the angular frequency, and φ 1 and φ 2 are the phase. The appearance of the Lissajous curve is highly sensitive to the frequency ratio of ω 1 /ω 2 and the phase difference of φ 1 -φ 2 . Figure 7a shows nine Lissajous curves, and the more sophisticated curves can be obtained by adjusting the frequency ratio and phase difference. Furthermore, these scan trace curves keep a fixed path and continuously repeat when the scan signals are unchanged. Therefore, the adjustment of the EB size and scan trace is an essential way to resolve the needle problem.
Large size EB and rational frequency ratio can enable the EB to scan the entire surface area of the ITO tablet. However, the EB size is normally fixed at a value (e.g. 2 mm), which can not be adjusted by operator. Therefore, only frequency ratio can be controlled. If the frequency ratio of ω 1 /ω 2 is inappropriate, some regions of the ITO tablet surface can not be scanned by EB, and these regions can not be gasified by high energy electron beam. Therefore, these regions contribute to the needles as shown in Figure 7b . It is obvious that the quantity and size of needles are closely related with the EB size and frequency ratio. The proposed frequency ratio should have large simple integer ratio (m/n, m and n is simple integer), such as 30/1, 44/3.
The ITO film with 250 nm thickness used for GaN-LED of 455 nm wavelength was deposited onto glass substrate by using modified ITO tablet at optimized process parameters. Figure 8 shows the transmittance (including the absorption of glass substrate) of the ITO film and the etched patterns of the ITO electrodes. It can be seen that the ITO film shows ultrahigh transmittance of about 90% at desired 455 nm, which contributes to increase the output of light at 455 nm. The etched patterns of ITO electrodes indicates that the patterns show sharp edge and have no abnormal spot, crack and etching residue.
Conclusions
In this work, the needles and cracks of the conventional ITO tablets used for the EB evaporation process were deeply investigated. The formation of the needles during EB evaporation process is mainly due to the EB size and scan trace which controlled by x and y axes scan signals. The needles problem can be solved by controlling the EB scan trace. The conventional tablets composed of homogenous grains and pores show loose microstructure and easily split under thermal shock of the high energy electron beam. The cracks problem can be solved by constructing a three-dimensional reticulated skeleton structure with blocky and porous regions. The 250 nm thickness ITO film shows high transmittance of 90% at 455 nm wavelength of GaN-based LED.
